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Streptococcal pyrogenic enterotoxin C (Spe-C) is a su-
perantigen virulence factor produced by Streptococcus
pyogenes that activates T-cells polyclonally. The biolog-
ically active form of Spe-C is thought to be a homodimer
containing an essential zinc coordination site on each
subunit, consisting of the residues His'®’, His?’!, and
Asp?%3, Crystallographic data suggested that receptor
specificity is dependent on contacts between the zinc
coordination site of Spe-C and the -chain of the major
histocompatibility complex type II (MHCII) molecule.
Our results indicate that only a minor fraction of dimer
is present at T-cell stimulatory concentrations of Spe-C
following mutation of the unpaired side chain of cys-
teine at residue 27 to serine. Mutations of amino acid
residues His'%?, His?’, or Asp2°? had only minor effects
on protein stability but resulted in greatly diminished
MHCII binding, as measured by surface plasmon reso-
nance with isolated receptor/ligand pairs and flow cy-
tometry with MHCII-expressing cells. However, with the
exception of the mutants D203A and D203N, mutation of
the zinc-binding site of Spe-C did not significantly im-
pact T-cell activation. The mutation Y76A, located in a
polar pocket conserved among most superantigens, re-
sulted in significant loss of T-cell stimulation, although
no effect was observed on the overall binding to human
MHCII molecules, perhaps because of the masking of
this lower affinity interaction by the dominant zinc-de-
pendent binding. To a lesser extent, mutations of side
chains found in a second conserved MHCII «-chain-
binding site consisting of a hydrophobic surface loop
decreased T-cell stimulation. Our results demonstrate
that dimerization and zinc coordination are not essen-
tial for biological activity of Spe-C and suggest the con-
tribution of an alternative MHCII binding mode to T-cell
activation.

The 24.5-kDa Spe-C' protein is an exotoxin produced by the
pathogenic bacterium Streptococcus pyogenes. Together with
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staphylococcal enterotoxin B (SEB), SEC, toxic shock syndrome
toxin (TSST), and several others, Spe-C belongs to the super-
antigen protein family. Superantigens help pathogenic bacteria
colonize the host by binding to major histocompatibility com-
plex class II (MHCII) and T-cell receptors (TCR), thus bypass-
ing the normal signal transduction pathway essential for im-
mune recognition. In addition, the resulting nonspecific
stimulation of the host’s T-cells can induce pathological levels
of cytokines. There is a substantial amount of structural data
available for the superantigens, both free and in complex with
their TCR and MHCII receptors (1-6). The superantigen fold is
highly conserved despite low overall sequence similarity among
protein family members. Superantigen-binding sites are found
on the B-chain or on the a-chain of the MHCII receptor. The
B-chain-binding site requires zinc to form a complex with the
superantigen through a conserved His from MHCII and three
His or Asp residues from the superantigen. The absence of zinc
in certain superantigens, such as SEB, presumably precludes
B-chain binding. The a-chain-binding site requires a structur-
ally conserved positioning of a hydrophobic binding loop con-
tributed by the superantigen, and usually a second polar bind-
ing pocket is also engaged. For the case of Spe-C, the a-chain
binding loop is displaced, and the potential a-chain-binding
site, if the Spe-C were to bind MHCII as a monomer, may be
hidden in the interface of the zinc-dependent superantigen
dimer (2), hypothetically resulting in interaction only with the
MHCII B-chain. The B-chain binding residues are conserved in
Spe-C and other streptococcal superantigens, and the p-chain-
binding site (3, 4) is intact in crystallographic models in which
this interaction site with MHCII critically involves zinc. Zinc
was implicated in streptococcal superantigen binding to MHCIIT
on the surface of cells (7-9), suggesting an essential role in both
MHCII molecular recognition and TCR-mediated signal trans-
duction. The high affinity zinc coordination complexes of SEA
and Spe-C consist of three amino acid side chains contributed
by the superantigen and the fourth by the MHCII receptor. As
observed in structural data for the Spe-C tetrahedral zinc co-
ordination complex (3-5), His and/or Asp contribute the zinc
ligands from the superantigen and His®! from the g-chain of
MHCII molecule. The recently determined crystal structure of
SEH with the MHCII HLA-DR1 indicates a potentially lower
affinity zinc coordination site, present at the interface with the
receptor (6), where one of the ligands is a water molecule. The
binding of SEH to MHCII is dependent on zinc, and superan-
tigen potency is diminished when the zinc binding residues are
replaced by alanines (10). However, the MHCII B-chain muta-
tion H81A, expected to abolish the zinc-mediated SEH binding
to MHCII, had minimal effect (10). In addition, the C-terminal
zinc-binding site of another dimer-forming superantigen (11),
SEC1, is not necessary for T-cell stimulation (12). In vitro data
with purified recombinant Spe-C demonstrated a large propor-
tion of dimer at 81 uM protein concentration (7), yet the K, for
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dimer formation from equilibrium centrifugation data is only
390 uM (3) compared with T-cell stimulation occurring at nano-
molar concentrations of superantigen. The mutant H35A,
thought to affect dimer formation, had only minor effect on the
K, (3). Finally, the Spe-C molecule forms a zinc-less dimer in
the Spe-C/TCR VB 2.1 crystal structure (13), using a surface
proposed to be involved in the zinc-mediated MHCII binding, a
site far removed from the one anticipated to bury the conserved
residues interacting with the MHCII a-chain (2). Therefore, to
further understand binding of Spe-C to MHCII and the contri-
bution to T-cell stimulation, we have re-examined the relation-
ship of zinc binding to stability, oligomerization, and biological
function of the Spe-C superantigen. Our results suggest a di-
minished functional role for zinc and dimerization in T-cell
stimulation. Further, an alternative zinc-independent-binding
site, involving residues structurally equivalent to the MHCII
a-chain-binding hydrophobic loop and polar pocket on SEB,
may be biologically relevant for TCR stimulation. Binding to
this site is only possible when the biologically active form of
Spe-C is a monomer but not the homodimer.

MATERIALS AND METHODS

¢DNA Cloning and Plasmid Construction—Genomic DNA was pu-
rified (Wizard Genomic DNA Isolation Kit; Promega) from a Spe-C*
clinical isolate of S. pyogenes grown in a culture. The ¢cDNA corre-
sponding to the wt Spe-C was amplified by PCR and cloned into
pRSET A vector between Nhel and HindIIl sites, together with a
linker coding for a thrombin cleavage site (Leu-Val-Pro-Arg.Gly-Ser)
at the N terminus of Spe-C. The final construct coded for a fusion
protein of Hisg (pRSET A vector) followed by a thrombin linker
attached to the N terminus of mature Spe-C (amino acids 28-235).
The protein construct was designed to have a Gly-Ser N-terminal
extension after thrombin cleavage. To avoid covalent dimer formation
because of an intermolecular disulfide bridge, a C27S mutation was
introduced by site-directed mutagenesis (QuikChange; Stratagene).
The full open reading frame corresponding to the fusion protein was
sequenced on a CEQ 2000XL (Beckman, Fullerton, CA) sequencer.
For protein expression, the plasmid DNA was transformed into a
BL21 (DE3) strain (Invitrogen).

Protein Expression and Purification—A single colony from a freshly
streaked LB + Amp (100 ug/ml) plate was grown in a 3 ml of LB + Amp
(100 pg/ml) medium at 37 °C in a shaker for ~4 h until it became visibly
turbid. A 0.5-ml aliquot was used to inoculate 25 ml of LB + Amp (100
pg/ml) medium and grown for an additional 4-5 h. The culture was
then stored for 12 h at 4 °C. The next day, a 6-ml aliquot was added to
500 ml of LB + Amp (100 pg/ml) medium, and the culture was grown in
a shaker at 37 °C until it reached Ag, of 1.0. At that point, isopropyl-
1-thio-B-p-galactopyranoside was added to a final concentration of 1 mm
to induce protein expression, and the culture was grown overnight at
37 °C. Cells were harvested by centrifugation and stored at —80 °C
until further processing.

To purify protein, bacterial cells from a 2-liter culture were thawed at
room temperature and resuspended in ~120 ml of denaturing buffer (6
M GdnHCI, 100 mM potassium phosphate, 10 mm Tris-HCI, pH 8.0).
Cells were disrupted by sonication on ice (3 X 1 min with a 1-min rest)
using a Model 300 sonic dismembrator (Fisher Scientific, Hampton,
NH) equipped with a Y4-in-diameter probe. Cellular debris was removed
by centrifugation (2 h, 20,000 X g, 4 °C), and the supernatant was
mixed with 25 ml of nickel-nitrilotriacetic acid Superflow resin (Qiagen)
for 30 min to bind the protein. The resin suspension was used to pack
a XK 26/20 column (Amersham Biosciences) in a batch mode, and the
column was connected to a AKTA fast protein liquid chromatography
system (Amersham Biosciences). Most cellular impurities were re-
moved by washing with the denaturing buffer, and the protein was
refolded by running a linear gradient of 100—0% of denaturing buffer
and 100 mM potassium phosphate, 10 mMm Tris-HCI, pH 8.0, over a 2-h
time at a flow rate of 1 ml/min. Residual impurities were removed by a
wash with 50 mMm imidazole, 100 mM potassium phosphate, 10 mm
Tris-HCI, pH 8.0, and the protein was eluted with 500 mM imidazole,
100 mM potassium phosphate, pH 5.8. The fractions containing protein,
as judged by an SDS-PAGE analysis, were pooled and dialyzed against
10 mMm Tris-HCI, 1 mMm EDTA, pH 8.0. The Hisg-thrombin linker was
removed by digestion (20 °C, 7 d) with 10 units of thrombin (Amersham
Biosciences) per mg of protein. The residual thrombin was removed by
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incubation with 1 ml of Q-Sepharose (Amersham Biosciences) resin,
and the supernatant was dialyzed against 10 mM potassium phosphate,
1 mMm EDTA, pH 5.8. The protein was bound to a SP-Sepharose (Amer-
sham Biosciences) resin in a batch mode, and the suspension was used
to pack a XK 26/20 column (Amersham Biosciences). The column was
washed with 10 mM potassium phosphate, 1 mm EDTA, pH 5.8, buffer
and developed with a linear gradient of 0—0.5 M NaCl at a 5 ml/min
flow rate. Fractions containing protein, as judged by a SDS-PAGE
analysis, were pooled and dialyzed against 10 mm HEPES, pH 7.0. The
protein was concentrated in a Centriplus-3 (Millipore, Bedford, MA)
concentrator, aliquoted, and stored at —80 °C. Protein concentration
was determined by UV using molar extinction coefficients calculated
with a ProtParam program on the ExPASy proteomics server at the
Swiss Institute of Bioinformatics (Geneéve, Switzerland). Typically,
10-15 mg of purified protein at 0.5-2.5 mg/ml was obtained from 2L of
bacterial cell culture. The purity of protein was verified by a combina-
tion of a SDS-PAGE and reversed-phase liquid chromatography. Pro-
teins were characterized by LC-MS and, if needed, by an N-terminal
amino acid sequencing. The final purity was greater than 95% as judged
by LC-MS. The recombinant HLA-DR1 protein was prepared as de-
scribed (24). The protein was stored in 20% glycerol at —20 °C at 5
mg/ml. A fresh aliquot was removed from the freezer and placed on ice
directly before the experiments.

Mutant Construction and Purification—Mutants were constructed
by site-directed mutagenesis (QuikChange; Stratagene). The full open
reading frames corresponding to Spe-C fusion proteins were sequenced
on CEQ 2000XL DNA sequencer (Beckman), and the plasmids were
transformed into an Escherichia coli BL21 (DE3) strain for protein
expression. Bacterial cell growth and protein purification were identical
to the r wt protein (above). All mutant proteins contained the C27S
replacement.

Metal Content Analysis—A protein sample volume corresponding to
0.5-1.0 mg of total protein was transferred to an empty sample con-
tainer, weighed, and diluted to 5 ml with 2% nitric acid. The diluted
sample was then analyzed by Hewlett Packard 4500 series inductively
coupled plasma spectroscopy for zinc and nickel content. Detection
limits for the method were 1 ug of metal per liter of solution.

LC-MS Analysis—The analysis was performed on a Finnigan LCQ
Deca LC-MS. Typically, a 15-ul aliquot of protein solution was injected
on a reversed-phase Poros II R/H 8 X 100-mm column (LC Packings,
San Francisco, CA) equilibrated in 0.1% formic acid. The column was
developed with a linear 0-100% gradient of 0.1% formic acid/80%
acetonitrile over a period of 30 min at the flow rate of 0.250 ml/min.
Eluent was also monitored at A,g, on Agilent 1100 series UV-visible
detector (Agilent Technologies, Palo Alto, CA). The data were stored on
a computer and processed with the instrument’s software.

Size Exclusion Chromatography—A total of 250 ul of protein solution
at a concentration of 0.2 mg/ml in running buffer (100 mM potassium
phosphate, 50 mm NaCl, pH 7.0) was injected onto Superdex 200 HR
10/30 (Amersham Biosciences) gel filtration column connected to a
AKTA fast protein liquid chromatography system (Amersham Bio-
sciences). Protein separation at the flow rate of 0.5 ml/min was moni-
tored by following A,g, of the eluent. The column was calibrated with
gel chromatography markers (Amersham Biosciences). Molecular
weight calculations of mutant Spe-C proteins were determined from
plots of the logarithm of molecular weight of standards versus retention
volume. All calculations assumed a globular shape of proteins.

Circular Dichroism Measurements—All measurements were made
on a J-810 spectropolarimeter (Jasco, Inc., Easton, MD) equipped
with a Peltier unit to control temperature of sample holding block.
Unless otherwise specified, the block temperature was maintained at
25 °C. Far-UV spectra were collected in a 1-mm path length rectan-
gular cuvette. Typically, at 0.2 mg/ml protein solution in 50 mm
potassium phosphate, pH 7.0, data from ten spectra were collected
and averaged. The spectra were corrected for the buffer, smoothed
with programs included with the Jasco software, and converted to
mean residue ellipticity, MRE, according to Equation 1, where O is
the measured ellipticity in millidegree, ¢ the protein concentration in
mol/liter, d is the path length in cm, and N, is the number of amino
acid residues per molecule.

(€}

MRE = 10cdN,

(Eq. 1
Secondary structure estimates were performed on the buffer-cor-
rected, unconverted data with a Neural Network program from the
Softsec program suite (Softwood Software).
Equilibrium unfolding experiments were performed with the Jasco
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Fic. 1. Residues of Spe-C mu-
tagenized in the current work. The
zinc-binding site residues (black, bottom
left) and the putative MHCII a-chain-
binding site residues (black, top right)
overlaid on the a-C backbone (red) of
Spe-C are shown. The figure was gener-
ated with Swiss PDB Viewer v.3.7 (b2)
(26).

titrator unit equipped with two 2.5-ml Hamilton syringes. Typically,
about 10 ml of protein solution with concentration of 20 uwg/ml in
GdnHCI (5.4-5.6 M), 50 mM potassium phosphate, pH 7.0, was pre-
pared, and about 2 ml was added in 50-ul increments to 2.7 ml of
identical solution without GAnHCl in a 1-cm path length cuvette with
constant mixing. The instrument and titrator parameters were as
follows: titration steps, 40; mixing time after denaturant injection, 150 s;
equilibration after solution withdrawal, 10 s; wavelength, 222 nm; re-
sponse time, 8 s; average, two times; and bandwidth, 2 nm. Under these
conditions, the signal recovery for refolding reaction was at least 90%.
Data from unfolding were converted to ellipticity versus denaturant con-
centration by the Jasco software, transferred to Kaleidagraph program
(Synergy Software, Reading, PA), and used for a non-linear fitting accord-
ing to Equation 2, where ©,,, is the mean residue ellipticity at 222 nm, a
is the slope, and b is the intercept of ® versus denaturant concentration of
the native, N, and unfolded, U, states, R is the gas constant equal to 8.315
J/mol M deg K, T is the temperature in K, m is the slope of AG versus
denaturant concentration, ¢, and C,, is the concentration of denaturant at
which 50% of the protein is unfolded.

m(C,, —¢)
ay + bye + (ay + bm)exp<T>
m(C,, —¢)
")

Ogp =

(Eq. 2)
1+ exp<

The free energy of unfolding at denaturant concentration equal to
zero, AG°, was calculated according to Equation 3.

AG° =mC,, (Eq. 3)

All measurements were made in duplicate or triplicate. Data are
reported as means + S.D. between independent measurements.

T-cell Proliferation Assay—Isolated human blood mononuclear cells
were cultured for three days in 96-well plates (3—5 X 10° cells/well) in
medium containing 5% fetal bovine serum (Invitrogen) and pulsed with
1 uCi of [*H]thymidine (Amersham Biosciences) for a period of 9 h. SEA,
SEB, and Spe-A were obtained from Toxin Technology, Inc. (Sarasota,
FL). Cells were incubated in triplicate with bacterial toxins or recom-
binant Spe-C mutants and disrupted osmotically, and cellular debris
was transferred to counting cassettes. Radioactivity was measured on a
liquid scintillation counter (TopCount-NXT; Packard Instruments).

Endotoxin Level Determination—Endotoxin level measurements
were measured by a Limulus-lysate assay (QCL-1000; BioWhittaker,
Walkersville, MD). All protein samples had levels less than 0.24 endo-
toxin units/liter of solution.
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Interactions of MHCII and Superantigens—Surface plasmon reso-
nance measurements of ligand-receptor binding were performed on a
Biacore 3000 (Biacore Inc., Piscataway, NJ). In a typical experiment, a
solution of recombinant HLA-DR1 in 10 mm HEPES, pH 7.0, 150 mm
NaCl was passed over a CM5 chip surface with immobilized superan-
tigen (about 3000 refractive unit) at 20 pl/min for 3 min at 37 °C. The
dissociation phase was followed for 2 min at the same flow rate, and the
surface was regenerated with 10 mmM EDTA and 2 m KCl. The senso-
gram was always corrected on a reference signal originating from a
non-derivatized surface, measured in the same experiment. All data
were processed for best fit using software supplied by the manufacturer
and assuming a simple 1:1 Langmuire association model for the on-rate,
k,,, off-rate, k., and dissociation constant, K,, calculations. A cell-
based MHCII binding assay was also used. The human B-lympho-
blastoid cell line LG2 (16) was incubated with FITC-labeled r wt in
Hanks’ basic salt solution medium supplemented with 0.1% bovine
serum albumin for 30 min at 37 °C. The cells were then washed with
the medium, fixed with 1% paraformaldehyde in phosphate-buffered
saline, and analyzed by a laser fluorescence-activated flow cytometry
(BD Biosciences). Alternatively, mouse L cells expressing human
DRa/DR1B (¥*B0101), prepared as previously described (11), were
grown to 80% confluency. The cells were removed from tissue culture
flasks with 25 mMm EDTA in HBSS calcium- and magnesium-free
medium, washed with Eagle’s minimal essential medium supple-
mented with non-essential amino acids, and incubated with unla-
beled r wt at the concentration range of 0.16-10 um for 30 min at
37 °C. FITC-labeled r wt was then added to a final concentration of
1.25 puM, and the mixture was incubated for an additional 30 min at
37 °C. The cells were washed with Eagle’s minimal essential medium,
fixed with 1% paraformaldehyde in phosphate-buffered saline, and
analyzed by laser fluorescence-activated flow cytometry (BD
Biosciences).

Homology Modeling—Protein sequences were downloaded from a
public data base through the PubMed program (National Library of
Medicine). All models were constructed by Swiss Model program (26) on
the ExPASy server at the Swiss Institute of Bioinformatics (Geneve,
Switzerland). The models optimized by the server and examined with
the WHAT IF program (27) were either corrected manually or discarded
if errors were too large. The crystallographic structure of SEH in com-
plex with HLA-DR1 (6) was used to validate the homology modeling
method. There was a high degree of correlation between modeled and
experimental structures, presenting root mean square deviation of 0.4
and 1.0 A for the a-C backbone of the superantigen alone and the whole
complex, respectively.
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TABLE I TABLE II
A summary of mass determination data for Spe-C Molecular weight determination of Spe-C mutants by size exclusion
recombinant proteins chromatography
Spe-C Molecular mass Molecular mass Spe-C Retention Molecular % Oligomerization
P volume mass ¢ state
exp. Da cale. Da
r wt 24,481.2 24,478.3 ml cale. kDa
D203A 24,437.4 24,434.3 rwt 16.42 19.5 92.5 Monomer
H201A 24,415.3 24,412.2 14.61 48.7 4.5 Dimer
H167A 24,416.7 24,412.2 13.69 77.5 2.1 Trimer
D203N 24,480.3 24,477.3 H167A 16.4 19.7 97.3 Monomer
14.57 49.9 2.4 Dimer
13.98 66.7 0.2 Trimer
50 L H201A 16.41 19.7 97.0 Monomer
i 14.58 494 3.0 Dimer
D203A 16.45 19.3 98.3 Monomer
14.78 44.7 1.5 Dimer
13.58 81.5 0.2 Trimer
D203N 16.45 19.3 85.7 Monomer
40 13.65 79.0 10.5 Trimer
11.76 204 2.8 Oligomer
[ 10000 [
i 30 |
g
< - 5000 [}
S L
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Fic. 2. Gel filtration chromatography of recombinant H201A
mutant at pH 7.0. Traces for other proteins were similar and were
excluded for clarity. The small peak at ~14.5 ml corresponds to dimer,
and the peak at ~19.5 ml corresponds to the solvent. Protein concen-
tration was 0.2 mg/ml.

Protein Docking—Molecular models were built with the Flexidock
program in the Biopolymer module of Sybyl 6.7 (Tripos Software, St.
Louis, MO) molecular modeling program suite. Starting templates were
constructed by overlaying the «-C backbones of Spe-C on SEB from the
SEB/DR1 complex (19). The Flexidock program uses a variation of a
genetic algorithm (27) that employs a combination of rigid body and
torsional space search. Final solutions are scored by the fitness func-
tion, which includes van der Waals, electrostatic, and torsional energy
terms of the default Tripos force field, with the following modifications:
hydrogen van der Waals radius, 1 A; hydrogen bond epsilon, 0.03; and
van der Waals cutoff distance for centroids, 16 A. The strategy was used
successfully for docking other proteins or small ligands (see Refs. 28—
31). Because of the random nature of the genetic algorithm’s initial
search, we repeated all docking calculations for Spe-C. All solutions
were the same as in the first simulation. Therefore, the structures
presented represent converged, calculated structures. A typical run for
docking of Spe-C or other superantigens to DR1 used default parameter
settings with a 10-A search radius around the starting binding pocket
to maximize the search space. Contributions from electrostatics and all
hydrogens were always included in the search parameters. A default
initial seed number was used, but the total number of generations of
Flexidock search was always limited to 3000 to avoid bias toward the
best scoring solution. The following two approaches were selected for
docking of Spe-C to DR1: 1) rigid body docking without flexing side
chains; 2) all side chains of ligand and receptor were considered adjust-

Wavelength, nm

Fic. 3. Far-UV circular dichroism spectra of recombinant wild
type and mutant proteins. Solid line, recombinant wild type; short
dots, H201A; long dots, H167A; long dash, D203A; short dash, D203N.
Protein solutions were prepared in 50 mM potassium phosphate, pH 7.0,
at a concentration of 0.2 mg/ml.

able. Although the first strategy resulted in many solutions, all but one
was considered unacceptable based on steric problems in the final
models. The second strategy resulted in multiple solutions, which in-
cluded, for most models, the residues structurally equivalent to the
amino acids known to be critical for SEB binding to MHCII. The highest
scoring solution from the second strategy was chosen for further opti-
mization. The side-chain conformations for all residues were adjusted
within the Biopolymer module, and the final models were energy-
minimized with 20 steps of Simplex and 100 steps of a gradient (Pull-
man’s method), using the Tripos force field (32).

To test the docking strategy, we built models of Spe-A/DR1, SEA/
DR1, and SEC3/DR1 complexes. Analysis of the possible solutions re-
vealed high scoring models, as judged by total energy and minimal
steric problems, with potential binding residues that were structurally
equivalent to SEB amino acids critical for MHCII binding. Predictions
from the SEA/DR1 complex model were verified by previously published
experimental data (16). Based on these test results, the strategy was
assumed to be valid for searching for possible binding modes of Spe-C to
DR1.

RESULTS

The Spe-C superantigen was cloned from a clinical isolate of
S. pyogenes. r wt and mutants thought to be important for
binding to MHCII molecules (Fig. 1) (discussed below) were
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TasLE III
Thermodynamic parameters for equilibrium unfolding of
Spe-C mutant proteins
Protein concentration was 0.817 uM in 50 mM potassium phosphate;
pH 7.0. Thermodynamic parameter values are average * S.E. of two-
four independent measurements.

AG° C

Spe-C m m
kdlmol M kdimol 1 1

rwt 315 =21 1.16 = 0.04 272 2.6

H167A 30.6 £ 1.0 1.11 = 0.04 27.7 £ 0.8

H201A 24329 0.92 = 0.02 26.3 = 2.6

D203A 26.5 £ 3.0 1.11 = 0.02 23.8 £3.0

D203N 26.5 £ 2.2 1.14 = 0.02 23214

TABLE IV

A summary of affinities of recombinant HLA-DR1 for
Spe-C protein variants

The rate constants were determined at 37 °C in 10 mm HEPES; pH
7.0; 150 mm NaCl. The equilibrium dissociation constant for wt, deter-
mined from the plot of apex of the on-rates versus DR1 concentration;
was between 1 and 2 uM. The value did not change when 10 mMm
potassium phosphate, pH 7.0, was used instead of the HEPES buffer.
ND, not detected.

Protein kon-10° k1073 K, AAG®

1/Ms 1/s M keJImol
wt 2.74 = 0.02 2.74 = 0.12 1.0 = 0.05 0
H167A ND ND >50 >32
H201A ND ND >50 >32
D203A ND ND >50 >32
D203N ND ND >50 >32

also constructed. To avoid dimerization because of covalent,
intermolecular disulfide formation, all proteins had the muta-
tion C27S introduced. The C27S mutation did not affect Spe-C
biological function (discussed later) and allowed us to accu-
rately measure the chemical stability and propensity to form a
non-covalent dimer. Recombinant proteins were expressed in
E. coli as inclusion bodies and refolded on-column under non-
reducing conditions. The proteins were homogeneous as judged
by SDS-PAGE (data not shown). Similar results were obtained
when the mutants were analyzed by LC-MS, plotting the Ayg,
and total ion current as a function of retention time (data not
shown). The summary of mass assignments from LC-MS anal-
ysis is given in Table I. The experimental and calculated
masses differ by less than four mass units, which excludes
modifications due to post-translational modifications by E. coli
and purification artifacts due to the refolding or chromatogra-
phy procedures.

In view of reports indicating a possible dimer formation by
the wt Spe-C, the recombinant proteins were analyzed by size-
exclusion chromatography. A typical profile is shown in Fig. 2,
and the experimental molecular masses of the main peaks are
summarized in Table II. Assuming dissociation constant, K, of
0.390 mm for the dimer (3), the expected amount of monomer at
0.2 mg/ml (8.13 uM) protein concentration used in our size-
exclusion chromatography experiments was about 97%. The
slightly lower (93%; see Table II) proportion of the monomer
may have been because of trimer formation, which was not
included in our calculations. These results indicate that only a
small population of dimer was present under our experimental
conditions.

We next measured the far-UV circular dichroism spectra to
characterize the quality of in vitro refolded recombinant pro-
teins. The spectrum of r wt protein (Fig. 3) exhibits a minimum
at 210 nm and a second, less pronounced minimum at about
220 nm. These data suggest a combination of a-helix and
B-sheet as observed in the x-ray structure of Spe-C (2, 3).
Estimates of secondary structure were as follows: 31% for a-he-
lix, 21% for B-sheet, and 48% for coil. These experimental
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Fic. 4. Chelation of divalent cations by EDTA dramatically
reduces binding of HLA-DRI1 to immobilized recombinant wild
type Spe-C as measured by surface plasmon resonance. Main
figure, an overlay of all sensograms. Inset, a close-up of the binding
sensograms in the presence of increasing concentration of EDTA (37 °C,
10 mm HEPES, pH 7.0, 150 mm NaCl). The HLA-DR1 concentration was
2 uM in all experiments to improve signal to noise ratio for sensograms
in the presence of EDTA. For clarity, the data corresponding to start
and end of the injection were removed from the graph. The x axis
corresponds to time (s).
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Fic. 5. Competitive binding of recombinant Spe-C proteins to
human LG2 cells. [], recombinant wild type Spe-C; A, H167A; A,
H201A; ¢, D203A; B, D203N. Cells were incubated with a mixture of

recombinant wild type Spe-C labeled with FITC and non-labeled Spe-C
proteins. Receptor-bound fluorescence was measured by flow cytometry.

values, within the experimental error range, agree with the
x-ray data (2, 3) as follows: 18 and 46% for the a-helix and
B-sheet, respectively. The overall shape of the plots and abso-
lute values of molar elliptically for the r wt protein are also very
similar to the spectrum of the closely related Spe-A superanti-
gen purified under non-denaturing conditions (14).
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Fic. 6. Wild type Spe-C binds exclusively to recombinant HLA-
DRI1 molecules expressed on the surface of cells. Cells were incu-
bated with a mixture of FITC-labeled recombinant wild type Spe-C and
non-labeled competitor proteins. Receptor-bound fluorescence was
measured by flow cytometry. O, mouse L cells transfected with HLA-
DR1; e, non-transfected mouse L cells.

TABLE V
Zinc content of Spe-C proteins
Zinc content values are an average * S.E. of at least two independent
measurements. Nickel content was below the detection limit of the
instrument. Under the experimental conditions, the minimum detect-
able metal content was 0.01-0.03 mole of metal/mole of protein.

Spe-C Mole of zinc per mole of protein
rwt 0.11 = 0.05
H167A 0.05 = 0.01
H201A 0.06 = 0.01
D203A 0.02 = 0.01
D203N 0.20 = 0.07

Based on the far-UV CD spectra of Spe-C mutant proteins,
the secondary structure appeared to be similar to the r wt
protein. However, the results for the H201A mutant may
indicate potential folding problems in this protein. To further
investigate, we measured the chemical stability of all recom-
binant proteins by GdnHCI unfolding. All proteins exhibited
a cooperative transition under neutral pH conditions indicat-
ing a well folded species. The midpoint of transition, C,,, was
1.10-1.16 ™ for most proteins (Table III) and 0.92 M for the
H201A mutant. The free energy of unfolding, AG°, was 30-31
kd/mol for the r wt and H167A mutant. The AG? of the other
mutants, however, were 24—-26 kd/mol. The differences, com-
pared with r wt, were small but reproducible and may indi-
cate that some of the zinc binding residues are important for
protein stability.

Spe-C binding to soluble MHCII was measured by surface
plasmon resonance, using HLA-DR1 expressed in S2 insect
cells (24) and complexed with the influenza hemagglutinin
peptide 306-318 (25). The r wt Spe-C bound HLA-DR1 with a
dissociation constant of 1.0 um whereas binding of zinc-binding

Role of Zinc-binding Site of Spe-C from Streptococcus pyogenes
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Fic. 7. Human T-cell stimulation by Spe-C is not dependent on
zinc. A, wild type superantigens are shown as follows: [J, wild type
Spe-C; B, wild type SEA; A, wild type Spe-A. B, recombinant Spe-C
proteins are shown as follows: e, wild type; A, H167A; A, H201A; W,
D203A; [1, D203N.

site mutants was below the limits of detection (Table IV).
Inclusion of EDTA in the analyte greatly inhibited binding
(Fig. 4), suggesting zinc dependence. The residual binding (Fig.
4, inset) may indicate a secondary binding site on Spe-C for
HLA-DR1. However, the signal was too weak to estimate the
K, reliably. We next measured the affinity of recombinant
Spe-C mutants for MHCII molecules expressed on the cell
surface to determine whether zinc was necessary for binding to
the expressed receptors. All the Ala-substituted mutants of
Spe-C had a significantly reduced affinity for the MHCII mol-
ecules expressed on LG2 cells (Fig. 5). The largest reduction
was observed for the D203A mutant. Surprisingly, the affinity
of the D203N mutant was five times greater than that of the r
wt (K; ~0.5 um). The negative charge at position 203 was
apparently not necessary for the MHCII binding.

To exclude the potential contribution to our binding data of
HLA-DQ molecules co-expressed on the surface of LG2 cells, we
performed binding studies with mouse L cells transfected with
HLA-DR1 molecules. A representative result is shown in Fig. 6.
Binding of the labeled r wt protein to the cell surface of HLA-
DR1 transfected cells was blocked by adding increasing
amounts of unlabeled Spe-C. The apparent K;, determined as
the concentration value at 50% of relative binding saturation,
was 0.15 uM, a value lower than the K; of 0.5 uM estimated from
binding to human LG2 cells. The lower value may be because of
the contribution of different sets of peptides bound by HLA-
DR1 expressed on independent cell backgrounds. These results
confirm that the binding data reflected direct interactions be-
tween HLA-DR1 and Spe-C. We concluded that the residues
His'%7, His?°1, and Asp2°? are important for binding to MHCII
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molecules expressed on cells and in solution. Additionally,
metal, most likely zinc, was essential for the overall binding of
Spe-C to HLA-DR1, based on our metal content analysis (Table
V) and cellular and surface plasmon resonance binding data.
However, any potential secondary, zinc-independent MHCII-
binding site was likely masked by the higher affinity, zinc-de-
pendent site.
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To investigate whether replacements in the zinc-binding site
of Spe-C would affect the biological activity of the protein, we
next measured human T-cell stimulation. The r wt protein was
first compared with wild type SEA and Spe-A. SEA binds to the
B-chain of MHCII molecules in a zinc-dependent mode and to
the a-chain in a zinc-independent mode (15, 16), whereas the
zinc-binding Spe-A has been proposed to bind only to the
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a-chain (17). A typical T-cell stimulation assay for the wild type
proteins is shown in Fig. 7A. The r wt superantigen produced
by E. coli exhibits a typical superantigen response curve with
Pso, (Psoq, is defined as the concentration of antigen at which
the T-cell stimulation is equal to half of the maximum T-cell
response) between 10 and 100 ng/ml. The concentration of r wt
toxin at which the response becomes saturated is also slightly
higher than observed for the native SEA and Spe-A. To assess
the importance of zinc-binding site for the T-cell stimulation
potential of Spe-C, we next examined mutants of the zinc
binding residues (Fig. 7B). The response point (the response
point is defined by us as the lowest concentration of antigen at
which the T-cell response is significantly higher than the base-
line response) and Pj,, values of the H167A mutant were
identical to the wild type protein. The H201A mutant had the
same response point, but the Py, value was slightly higher.
However, the response points of D203A and D203N mutants
were higher than r wt values by an order of magnitude. The
saturation values were equal or slightly higher than observed
for the r wt protein. Clearly, none of the zinc-binding site
mutations except at position 203 caused a dramatic decrease in
biological activity. The replacement of Asp?°? by either Ala or
Asn caused a noticeable decrease in initial T-cell recognition.
The T-cell response to the other mutants was essentially the
same as obtained with the r wt protein. The difference between
T-cell stimulation and MHCII binding by Spe-C may be a
consequence of stabilizing interactions with cell surface pro-
teins other than MHCII molecules (11). However, a major con-
tribution by other proteins is unlikely in view of the experi-
ments with the HLA-DR1 transfectants (Fig. 6) showing an
exclusive binding to HLA-DR1. Although the Asp?°® mutations
resulted in only a slight change in protein-folding stability
(Table III), we could not exclude the possibility that mutating
this residue may perturb local secondary structure more than
mutations in the other zinc-binding side chains. Collectively,
these data suggest that zinc binding is not essential for T-cell
recognition by Spe-C.

It is conceivable that in addition to the high affinity zinc-

TABLE VI
Thermodynamic parameters for equilibrium unfolding of
Spe-C mutant proteins
Protein concentration was 0.817 uM in 50 mM potassium phosphate,
pH 7.0. Thermodynamic parameter values are average = S.E. of two-
five independent measurements.

Spe-C AG° C,, m

keJ/mol M ke mol !

Role of Zinc-binding Site of Spe-C from Streptococcus pyogenes

binding site observed in the crystal structure of Spe-C and
MHCII complex (3), there may be a second, lower-affinity bind-
ing mode important for T-cell stimulation. We used protein
docking simulations to facilitate a search for additional
MHCII-binding sites in Spe-C that were zinc-independent. Sev-
eral clusters of candidate binding sites were identified, gener-
ally close to the hydrophobic loop (discussed later). The final
model structure, chosen based on the least amount of steric
problems, was the solution most favored by the computational
search. This solution also had the best agreement with our
experimental data. The orientation of Spe-C versus DR1 in the
modeled complex is very similar to the SEB/DR1 complex (root
mean square deviation between the complexes is 0.53 A for the
a-C atoms). There are two major contact sites in the Spe-C/DR1
model complex: a hydrophobic loop (Fig. 8A4), containing no
intermolecular hydrogen bonds, and a polar pocket (Fig. 8B).
Both sites form an almost continuous binding surface. The side
chain of residue Thr®* from the hydrophobic loop packs very
tightly against the peptide backbone of Ser!®-GIn'® from the
a-chain of DR1. The polar pocket residue Tyr’® is on a flexible
loop. This loop also contacts the following residues from the
TCR VB 2.1 chain (13): Ile”” from the complementarity-deter-
mining region 2/frame-work region 3 (CDR2/FR3), Leu”® from
CDR1, CDR2/FR3, and hypervariable 4/FR3 regions, and Asn”®
from CDR1 and CDR3 regions of TCR V3 2.1. An overlay of our
modeled DR1/Spe-C complex on the published Spe-C/TCR V3
2.1 complex crystal structure (13) revealed no steric clashes
between HLA-DR1 and TCR Vg, suggesting the likelihood of a
ternary complex of Spe-C/MHCII/TCR based on this alterna-
tive binding mode. It should be noted that the zinc-binding site
and hydrophobic loop/polar pocket regions proposed to contact
HLA-DR1 are on opposite surfaces of Spe-C (Fig. 1).

We next examined two sets of mutants that targeted the sites
shown to be important for binding of Spe-C to the MHCII
a-chain, based on our modeling results. The first set, Y76A and
Y8T7A, were mutations of residues in the polar pocket, and the
second, S32A, T33A, T34A, and H35A, consisted of the hydro-
phobic loop mutations. Changes in position 76 of Spe-C were
predicted to affect T-cell stimulation by influencing the posi-
tioning of Spe-C in the ternary superantigen/MHCII/TCR com-
plex. The Spe-C side chain of His®®, homologous to Phe*” of
SEB, in the Spe-C/DR1 model is within 4 A of the Ala®” and
Met?8 side chains of DR1 a-chain. The interaction is dominated
by hydrophobic contacts with the side chain of Met®® and the
Met36-Ala®” peptide backbone. Mutation of these hydrophobic
residues was anticipated to diminish binding to MHCII. The

rwt 315 £ 2.1 1.16 = 0.04 27.2x26 SEB loop residues Phe** and Tyr*® do not have structural
H35A 241+ 8.2 1.04 = 0.04 20.5 £ 1.2 ivalents in Spe-C. O 1. Al 1 ts in th tati
TS4A 39.0 = 14.8 1.18 + 0.04 431+ 173  ©equivalentsin Spe-C. Overall, Ala replacements in the putative
T33A 317+ 5.9 1.03 + 0.05 31.0 * 6.3 a-chain-binding site in Spe-C had minimal effects on protein
S32A 35.5 + 84 1.25 + 0.02 27.7 + 6.0 secondary structure (data not shown) and thermodynamic sta-
YT76A 23.0 £3.7 1.00 = 0.08 23018 bility (Table VI). The Y87A protein had slightly lower thermo-
Y87A 14.7 £ 0.3 0.82 = 0.07 18.0 £ 1.9 . s . . - .
dynamic stability. The residue 87 in Spe-C is very conserved in
TaBLE VII

A summary of affinities of recombinant HLA-DR1 for Spe-C protein variants as measured by surface plasmon resonance
The rate constants were determined at 37 °C in 10 mm HEPES, pH 7.0, 150 mM NaCl. The equilibrium dissociation constant for wt, determined
from the plot of apex of the on-rates versus DR1 concentration, was between 1 and 2 uM. The value did not change when 10 mm potassium
phosphate, pH 7.0, was used instead of the HEPES buffer. The data for wt protein was included for comparison.

Protein k- 10° k1073 K, AAG°
1/Ms 1/s M keJlmol
wt 2.74 = 0.02 2.74 = 0.12 1.0 = 0.05 0
S32A 1.04 = 0.01 3.96 = 0.21 3.82 £ 0.23 11.1 = 0.67
T33A 0.405 + 0.005 5.59 = 0.13 13.8 = 0.55 21.8 = 0.87
T34A 0.737 £ 0.007 5.84 = 0.13 7.9 +0.24 17.2 = 0.52
H35A 0.401 = 0.006 1.84 = 0.23 4.6 = 0.64 12.7 = 1.8
Y76A 1.17 = 0.01 4.17 = 0.17 3.56 = 0.18 10.6 = 0.53
Y87A 2.09 = 0.01 3.36 = 0.09 1.61 = 0.05 3.96 = 0.12
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Fic. 9. Alternative zinc-independent binding surface of Spe-C
controls T-cell recognition. A, stimulation of human T-cells by re-
combinant polar pocket mutants. e , recombinant wild type; A, Y87A; H,

Y76A. B, stimulation of human T-cells by hydrophobic loop mutants of
Spe-C. o, recombinant wild type; ¥, S32A; A, T33A; O, T34A; W, H35A.

the protein structure of other bacterial superantigens (dis-
cussed later) and may form a hydrogen bond with the side
chain of Ser!®2, stabilizing an a-helix/B-sheet interaction. Re-
placing the Ser'®2 side chain was expected to have a negative
effect on the overall stability of the protein. The replacement
Y76A or Y87A had a small effect on detectable binding (Table
VII). The T-cell stimulation, however, was diminished by the
Y76A mutation, whereas the Y87A mutation had no effect (Fig.
9A). The effects of replacements in the hydrophobic loop on
MHCII binding were dependent on the position (Table VII).
Calculated K s were higher for all mutants compared with the
r wt Spe-C, with the greatest effect on affinity noted for T33A
and T34A. T-cell stimulation by all loop mutants was also
reduced (Fig. 9B), the most for T34A and H35A, and slightly
less for the T33A and S32A mutants. Our results clearly dem-
onstrate that the hydrophobic loop and the polar pocket in
Spe-C are important for T-cell stimulation.

DISCUSSION

Bacterial superantigens bind to MHCII receptors through
one or both of two conserved sites and also to TCR molecules
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?5
SEB o, 16 KFT----GL- -M-ENMKVLY DD-N--HVSBA INV-KSIDQF -LYFPDLIY-S
SMEZ-2 * 4 D NN-SLLRENIY ---STIVYEY SDI-VIDFK- -TSHNLVTEKK
Spe-Al * 14 LVE----N-- -L-QNIYFLY EG---DPVTHE ENV-KSVDQL -LSEDLIY-N
Spe-H * 1 NBY----NTT NR-HNLESLY KHD-SNLIEA DSI-KNSPDI VTSHMLKY-8
55A * 16 QFT----GV- -M-GNLRCLY DN-H--FVEG TNV-RSTGQL -LQHDLIF-P
Spe-C + 2 TPK----DI8 NVKSDLLYAY ---TITPYDY KDC-RVNF-- STTHTLNIDT
Spe-J 25 BENIK DVELQLNYAY ---EIIPVDY TNC-NIDY-- LTTHDFYIDI
Spe-I 1 MS85V- GV-INLRNLY ST--YDPTEV KGK-INEGEF -FSGSLFYK-
Spe-G 2 ENLK DLERSLRFAY ---NITPCDY ENV-EIAFV- -TINSIHI-N
T8BT-1 * 4 DNI----KD- -LLDWYSS5GS DT------ FT MSE-VLDNEL GSMRIK----
SEA » 17 EL----- QGT AL-GNLKQIY YYNE--KAKT ENK-ESHDQF -LOHTILF-K

EPFT----GT- -M-GHMEYLY DD-H--¥YV8A TKV-KSVDEF -LAHDLIY-N
EL8-~---8T- AL-NNMKHSY ADEN--PIIG ENK-8TGDQF -LENTLLYK-

SEG 14 DYEN-NKGT- -M-GNVMNLY TS-P--PVEG RGV-INSRQF -LSHDLIF-P
SEH . 8 BlL----- TDL AL-ANAYGQY N--H--PPFIK ENI-KSDEIS -GEKDLIFRN
SEI 31 G WL--RNFYTK HDY-IDLKG- VIDENLPIA-
SEM 13 CY8Q----- N HI-ATADVGV LN--LRNYYG SYP-IEDHQ- SINPENNHL-
BEN 43 DLD----88- KL-FNLTSYY TDIT-WQLDE SNK-ISTDQL -LENTIILK-
SEO 43 BVD----PI- AL-ENINDDY IN--NRFTTV KSIVSTTEKF -LDFDLLFKS
SEP 44 ELQG----- T AL-SNLRQTY YH--NGSAII ENK-ESNDQF -LENTILFN-
76 87
|
SEB s« 80 =-KYVDVFGAN YYYQCYFSK- --------KK TCMYGGVT-E H------- DK
SMEZ-2 *+ 64 -DKIAVFSVP FDWNYL---- ----SKGKVT AYTYGGIT-P YQK----TSI
Spe-Al * 74 -KNVDIYGVE YYELCYLCE- ----NAER-S ACIYGGVT-N HEGNHL--EI
Spe-H ¢ 91 -KEVDIYALS AQEVC--=-= ==== ECPGKR YEAFGGIT-L TNS----EKK
88A * 80 -KDVDIFGSN YYYNCYY¥--- ---------K TCMYGGVT-E HHRNQIEG-K
Spe-C * 66 DDHVDVFGLF YILNS----- -------HTG EYIYGGIT-P AQNN----XV
Spe-J 76 EVESYITTKF TKNQKVNIFG LEYIFTRYDV YYIYGGVT-P SVNSNSENSK
spe-1 65 =-KRVDIFTLE YSPPCNBNIK KNSY------ ---- GGIT-L SDGNRI---D
Spe-@ 72 -DKVDVFGLP YNFSP----- ----u-- PYV DNIYGGIVKH SNQ----GHK
TS8T-1 * 61 KVDLNTERTK -------=== === KSQHTSE GTYIHFQISG VINTEKLPT-
SEA 83 -KKVDLYGAY YGYQCAGG-- -----TPNKT ACMYGGVT-L HDNNRL--TE
SEC3 + B0 -EVVDVYGSN YYVNCYFSSK DNVGKVTSGK TCMYGGIT-K HEGNHFDNGN
SED #+ 1 -KNVDVYPIR YSINCYGG-- -----EIDRT ACTYGGVT-P HEGNKLK--E
SEG 78 -KKVDIFGVP YFYTCIIPKS EPDINQNFGG CCMYGGLT-F WS-SEN--ER
SEH * 69 -KNVDIYGAS FYYKCEKIS- ------ENIS ECLYGGTT-L NS-EKLAQ--
SEM 80 -HAVDVYGLS ¥8-------- --- GYCLK-N KYI¥GEVT-L AGDY---LEK
SEN 120 -KNIDIYGLY FGNKCVGL-- -TEEKT SCLYGGVT-I HDGNQLD--E
SEO 123 -KTVDIYGVY YKAHCHGEH- --QVDT ACTYGGVT-P HEMNKLS--E
SEF 110 -KKVDLYGVY ¥GYQCTGGT- ------PFKT ACMYGGVT-L HDNNQLE--E

Fic. 10. Structural alignment of known and predicted bacte-
rial superantigen sequences in the vicinity of the MHCII
a-chain binding residues of SEB protein. Top, the hydrophobic loop
region. Bottom, the polar pocket region. For clarity, only the residues
structurally equivalent to Spe-C Tyr™® and Tyr®’ are colored in ma-
genta. The a-C backbones of structures were overlaid with Swiss PDB
Viewer v.3.7 (b2) (26) program, and residues within 4 A root mean
square deviation of the corresponding amino acids of «-chain binding
loop of SEB are colored in magenta and underlined (top) or colored in
magenta only (bottom). Numbers on the top of alignments refer to
residues in Spe-C protein. The sequence names corresponding to S.
pyogenes superantigens are marked in red. The structures were either
modeled by Swiss Model as described under “Materials and Methods” or
downloaded from a PDB data base (marked with an asterisk by the
name). The proteins and the corresponding PDB codes are as follows:
SMEZ-2, 1IEUS3; SEB, 1SEB; Spe-H, 1EU4; SSA, 1BXT; TSST-1, 2QIL;
SEA, 1SXT; SEH, 1HXY; SEC3, 1JCK; and Spe-Al, 1B1Z. **, structure
of SED was solved (33), but the coordinates were not publicly available.
Therefore, a model of SED was built as described under “Materials and
Methods.” Sequences for the modeled S. pyogenes proteins were derived
from the Genome Sequence Data base (accession number AE004092) as
described by Ferretti et al. (34). Accession codes for other modeled
proteins were as follows: SED (AAB06195), SEG (BAB42910), SEI
(AAC26661), SEJ (AAC78590), S.E. (AAG36952), SEN (AAG36956),
SEO (AAG36951), and SEP (BAB43036).

through more variable sites (1). Dimerization of Spe-C was
proposed previously (2) to bury the potential MHCII «-chain-
binding site in the subunit interface, resulting in interaction
with only the MHCII B-chain, a mechanism for binding to
MHCII that differs considerably from all other superantigens.
In the present study, mutation of the Cys?? to Ser eliminated
potential covalent dimerization, without altering biological ac-
tivity. Although we detected only a low proportion of dimer,
superantigen interaction with surface-bound MHCII molecules
may be conducive to aggregate formation. Clarification of the
biologically active unit on the cell surface awaits further study.
Nonetheless, our results suggest that the zinc-mediated inter-
actions between Spe-C and MHCII observed in the x-ray struc-
ture of a co-complex (3) may reflect conditions conducive for
crystallization but not necessarily the mode of interaction re-
quired for TCR signal transduction. In our study, binding of
Spe-C to MHCII was greatly diminished when the zinc binding
residues of Spe-C were replaced by alanines. Although these
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mutations caused a minor change in AG?, the Spe-C mutants
retained T-cell stimulatory activity. In a previous report (18),
Ala replacements of zinc binding residues in SEE/SED caused
a significant decrease in thermal stability of the mutant pro-
teins and abolished T-cell recognition, indicating an important
role for zinc in stabilizing protein folding of some
superantigens.

To search for a potential zinc-independent binding mode for
Spe-C, we first analyzed the structural features of superanti-
gen protein surfaces known or suggested to be involved in
MHCII and TCR binding. The zinc-binding site is structurally
conserved in many superantigens, as is the overall superanti-
gen fold. Based on the available x-ray data, we constructed
homology models of other zinc-binding superantigens for which
the experimental data for the structure of these proteins was
not available. A structural alignment extracted from these
superimposed models is presented in Fig. 10. Mutation of the
hydrophobic loop region in several superantigens inhibits bind-
ing to MHCII molecules (15).2 For superantigens that are hy-
pothesized to use an MHCII binding mechanism differing from
SEB, i.e. are not known to insert into the hydrophobic binding
surface of DR1, either the loop has a different conformation
than in SEB, for example Spe-C, or it is occupied by small/non-
hydrophobic residues, for example those found in Spe-G, Spe-d,
Spe-H, and SMEZ-2 (Fig. 10). The zinc-binding site and polar
pocket residues appear to be conserved when the hydrophobic
binding loop is defective. The loop of Spe-C, alone or in con-
junction with other structurally conserved residues, may be
involved in a low affinity binding to MHCII molecules. How-
ever, because the structural composition of the loop is not
optimal for the a-chain binding in the mode observed in SEB/
MHCII complex (19), either the surface of the superantigen/
MHCII interface differs, as suggested for the SSA/HLA-DQ
complex (20), or the relative orientation of the MHCII and
superantigen molecules differs from the SEB/MHCII complex,
as observed in TSST-1/DR1 complex (21). The hydrophobic loop
residue His®® and polar pocket residues Tyr’® and Tyr®? of
Spe-C are very conserved in all S. pyogenes superantigens (Fig.
10). The His®® residue in Spe-C may contribute to the polar
pocket through its proximity to the residue Glu®* (Fig. 84). In
addition, the lower free energy of unfolding for the H35A mu-
tation (Table V) indicates that His®® stabilizes the loop struc-
ture. The residues structurally equivalent to Thr®* of Spe-C in
other S. pyogenes superantigens (Fig. 10) are Thr (Spe-C,
Spe-G, Spe-J) or Ser (Spe-I, Spe-H, Smez-2, Spe-A), possessing
both hydrophobic and polar qualities. The Thr®® residue is
involved in stabilizing the loop through intramolecular
H-bonds, hence the T33A change may destabilize the loop. The
replacement S32A may affect the conformation of the loop by
removing a potential H-bond interaction with carbonyl oxygen
from the Glu®'-Ser3? peptide bond. Both changes have a nega-
tive effect on the productive binding to DR1 leading to T-cell
activation as observed in our current work (Fig. 9B).

In the polar pocket of Spe-C, the Tyr’® and Tyr®?, together
with Glu®*, are proposed to bind to Lys>® of a-chain of DR1
(Fig. 8B). The residues are highly conserved in other supe-
rantigens (Fig. 10), and structurally equivalent residues are
either observed to form a H-bond with Lys®® of a-chain of DR1
in SEB/MHCII (19) complex or postulated to form such a bond
in the SEA/MHCII (16) complex model. The Y76A replace-
ment decreased T-cell stimulation (Fig. 9A) whereas the mu-
tation Y87A had no effect. In SEA, the mutation Y108A,
structurally equivalent to the Y87A mutation in Spe-C, also
had no effect on HLA-DR1 binding (16). However, the Y92A

2 R. G. Ulrich, unpublished results.
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mutation in SEA, structurally equivalent to the Y76A muta-
tion in Spe-C, decreased both DR1 binding and T-cell stimu-
lation (16). The striking similarity in results obtained with
both superantigens suggests that MHCII binding by the
Y76A mutant of Spe-C was also diminished but masked by
the dominant zinc-dependent interactions with MHCII
B-chain. An alternative explanation is that the mutation
Y76A, but not Y87A, has altered TCR interactions with the
Spe-C/MHCII complex. However, TCR contacts with this sur-
face of Spe-C also precludes the active role of a Spe-C ho-
modimer as observed by Li et al. (3). Last, stability of the
homodimer may have been affected by the mutations studied,
yet dimer stability is not likely to have an influence T-cell
stimulation, as the reported K;s for dimer formation by wt
and H35A mutant proteins (3) are several orders of magni-
tude above the physiologically relevant Spe-C concentration.

In summary, our experimental results clearly demonstrate a
diminished role of zinc and dimerization in the biological ac-
tivity of Spe-C. The high affinity, zinc-binding site may be
important for Spe-C binding to MHCII molecules but not di-
rectly for T-cell stimulation. The zinc-dependent affinity may
serve as a mechanism to increase the local superantigen con-
centration (16), mimicking the effect achieved by receptor oli-
gomerization (23). A second site is proposed to be involved
directly in T-cell stimulation by positioning Spe-C on the
MHCII surface for biologically relevant activity, facilitating
superantigen alignment in the Spe-C/MHCII/TCR ternary
complex.
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